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In K+ channels, rearrangements of the pore outer
vestibule have been associated with C-type inactiva-
tion gating. Paradoxically, the crystal structure of
Open/C-type inactivated KcsA suggests these
movements to bemodest in magnitude. In this study,
we show that under physiological conditions, the
KcsA outer vestibule undergoes relatively large
dynamic rearrangements upon inactivation. External
Cd2+ enhances the rate of C-type inactivation in an
cysteine mutant (Y82C) via metal-bridge formation.
This effect is not present in a non-inactivating mutant
(E71A/Y82C). Tandem dimer and tandem tetramer
constructs of equivalent cysteine mutants in KcsA
and Shaker K+ channels demonstrate that these
Cd2+ metal bridges are formed only between adja-
cent subunits. This is well supported by molecular
dynamics simulations. Based on the crystal structure
of Cd2+-bound Y82C-KcsA in the closed state,
together with electron paramagnetic resonance dis-
tance measurements in the KcsA outer vestibule,
we suggest that subunits must dynamically come in
close proximity as the channels undergo inactivation.
INTRODUCTION
In K+ channels, stimulus-dependent activation is associated with
conformational changes around a gating hinge at the inner helix
bundle (Perozo et al., 1998, 1999; Yellen, 1998; Blunck et al.,
2006; Cordero-Morales et al., 2006b; Jiang et al., 2002; Long
et al., 2005; Alam and Jiang, 2009; Cuello et al., 2010a).
However, in response to prolonged stimulus and in the absence
of an N-terminal inactivating particle, most K+ channels become
nonconductive through a process known as C-type inactivation,
which was first identified in Shaker K+ channels (Hoshi et al.,
1990, 1991; Kurata and Fedida, 2006). This C-type inactivation
is crucial in controlling the firing patterns in excitable cells
(Bean, 2007) and is fundamental in determining the length and
frequency of the cardiac action potential (Smith et al., 1996;1332 Structure 20, 1332–1342, August 8, 2012 ª2012 Elsevier Ltd AlSpector et al., 1996). It is therefore an effective mechanism for
controlling the duration of the conductive state through struc-
tural rearrangements along the permeation pathway (Yellen,
1998; Hoshi et al., 1991). C-type inactivation is affected by
high extracellular K+ and the blocker tetraethylammonium
(TEA) (Baukrowitz and Yellen, 1995; Lo´pez-Barneo et al., 1993;
Choi et al., 1991) and can also be modulated by permeant ions
with a long residence time in the selectivity filter (Rb+, Cs+ and
NH4+) (Swenson and Armstrong, 1981; Demo and Yellen,
1992). It is now firmly established that C-type inactivation is
associated with the conformational changes at the selectivity
filter and the outer vestibule of K+ channels (Cordero-Morales
et al., 2006a, 2006b, 2007; Cuello et al., 2010a; Chakrapani
et al., 2011; Claydon et al., 2003; Berne`che and Roux, 2005;
Yellen et al., 1994; Liu et al., 1996; Cha and Bezanilla, 1997;
Schlief et al., 1996; Ader et al., 2008). In the pH-gated K+ channel
KcsA, it has been shown that there is a remarkable correlation
between the degree of activation gate opening and the con-
formation and occupancy of the selectivity filter (Cuello et al.,
2010a). In addition, disrupting the hydrogen-bond network
(Glu71-Asp80 interaction in particular) behind the selectivity filter
in KcsA relieves C-type inactivation, and this has resulted in
identification of the non-inactivating E71A mutant (Cordero-
Morales et al., 2006b).
Mutations at the outer vestibule of Shaker, a voltage-gated K+
channel from Drosophila, identified an important role for Thr449
in the regulation of C-type inactivation (Lo´pez-Barneo et al.,
1993; Yellen et al., 1994). Metal-binding experiments showed
that cysteine substitution of T449 in the outer vestibule of Shaker
(just above the selectivity filter) allowed the modulation of C-type
inactivation by the extracellular divalent cations such as Cd2+
and Zn2+. In addition, the rate of modification of several sub-
stituted cysteine residues in the outer vestibule by thiol-reactive
agents is significantly increased when the channels undergo
C-type inactivation (Liu et al., 1996). Interestingly, the time
dependence of conformational changes near the T449C residue
and other residues in the outer vestibule of the channel approx-
imates the time course of C-type inactivation (Cha and Bezanilla,
1997; Loots and Isacoff, 1998, 2000; Gandhi et al., 2000). These
results clearly suggest a conformational rearrangement in the
outer vestibule (around the T449 residue) during C-type inactiva-
tion in Shaker channels. However, recent crystal structures of
open-inactivated KcsA display only modest conformationall rights reserved
Figure 1. Cd2+ Increases the Rate of Inactivation in Y82C-KcsA
(A–D) Normalized macroscopic currents of Y82C mutant of KcsA, recon-
stituted in asolectin liposomes, at a depolarizing potential (+150 mV) for
concentrations of Cd2+ ranging from 0 to 1 mM.
(E) Inactivation time constant (ti) as a function of various Cd
2+ concentrations
(n > 5).
(F) Normalized macroscopic currents of non-inactivating mutant E71A in the
presence (red) and absence (black) of 100 mM Cd2+. Macroscopic responses
of Y82C-KcsA under various conditions were elicited by pH jumps from 8.0 to
4.0 using a rapid solution exchanger in the presence of 200 mM KCl and with
a membrane potential held at +150 mV.
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Outer Vestibule Dynamics in K+ Channelschanges in the outer vestibule (Cuello et al., 2010a), an intriguing
fact that requires alternative explanations to the metal bridge
results.
To understand the molecular basis of events associated with
C-type inactivation and high-affinity Cd2+ binding, we attempted
to determine the topology of Cd2+ coordination state in the tran-
sition between the closed, open, and inactivated states of K+
channels. We made a cysteine substitution in the Tyr82 residue
of the outer vestibule of KcsA, equivalent to Thr449 in Shaker
channels. We then compared the effect of Cd2+ in two different
functional states of KcsA, using inactivating (wild-type) and
non-inactivating (E71A) backgrounds to monitor the gating-
related rearrangements in the outer vestibule, and extend our
findings to Shaker K+ channels. Based on our findings, we
propose that the formation of metal bridge is crucial to affect
the rate of inactivation and abrogates ion conduction in K+ chan-
nels. The metal bridge formation occurs between adjacent
subunits, which requires that the subunits come closer dynami-
cally during inactivation gating of KcsA. This mechanism
appears to be consistent with structural changes associated
with C-type inactivation in eukaryotic voltage-dependent K+Structure 20, 1332channels and should further increase our understanding of the
importance of structural dynamics at the K+ channel outer
vestibule during inactivation gating.
RESULTS
Cd2+ Facilitates the Rate of Inactivation of KcsA
We have engineered a cysteine mutant in the outer vestibule
residue of KcsA (Y82), just above the selectivity filter to monitor
the gating-related structural rearrangements and pore geometry.
Y82C is equivalent to T449C in Shaker potassium channels,
which has been shown to significantly alter the C-type inactiva-
tion (Yellen et al., 1994). Further, a tyrosine residue at this
position in the outer vestibule is conserved among other
voltage-gated K+ channels such as Kv2.1 and Kv3.1 (Shealy
et al., 2003). Macroscopic electrophysiological recordings using
pH jump measurements show that the rate of inactivation of
Y82C is similar to wild-type KcsA (Cordero-Morales et al.,
2006b) with an inactivation time constant of 1,200 ms (Fig-
ure 1A). At low concentrations of Cd2+ (10 mM), the inactivation
time constant remains invariant (Figure 1B). Interestingly, as
the concentration of Cd2+ is increased in the pipette, it facilitates
the inactivation of channels with a midpoint around 40 mM (ti =
120 ms; Figures 1A–1E). Cd2+ does not have any effect on
the inactivation rate of wild-type (WT) KcsA (not shown), sug-
gesting that Cd2+ interacts specifically with the cysteine intro-
duced at the outer vestibule of KcsA (Y82C). The inactivation
time constant of Y82C-KcsA as a function of increasing Cd2+
concentrations is shown in Figure 1E. There is a 10-fold increase
in the rate of inactivation in the presence of Cd2+, which is in
excellent agreement with Shaker T449C results in which it was
shown that the presence of Cd2+ increases the forward rate of
inactivation by 10-fold (i.e., from 1,600 ms to 160 ms in the pres-
ence of 300 mM of Cd2+) (Yellen et al., 1994). It should be noted
that the liposome patches we used for monitoring the effect of
Cd2+ on C-type inactivation of KcsA channels are ‘‘inside-out’’
patches. Once these inside-out patches have been made, we
do not have direct access to exchanging buffers in the pipette,
and the channels are trapped in the inactivated conformation
(especially in thepresence ofCd2+). Therefore, individual patches
have been used to study the effect of Cd2+ concentration on the
rate of inactivation of KcsA. Because we observed a 10-fold
difference in the time constant of inactivation in KcsA similar to
Shaker using less Cd2+ (100 mM), we expect the recovery from
inactivationmight be comparable toShaker. BecauseCd2+ binds
with high affinity to inactivated channels, we tested the effect of
Cd2+ on the non-inactivating (E71A) mutant background
of KcsA. Importantly, there is no effect of Cd2+ in the non-
inactivating mutant (E71A) background even at the highest
concentration studied (1 mM) (Figure 1F). This indicates that the
conformation of the outer vestibule in non-inactivating channels
could be different and also suggests that the Cd2+ metal bridge
could form only in channels that undergo inactivation.
To understand the conformational differences in the outer
vestibule of inactivating and non-inactivating channels, we
performed continuous wave electron paramagnetic resonance
(CW-EPR) spectroscopy. The spin-labeled Y82C channel in
both wild-type and E71A backgrounds has a broad spectrum
with a significant spin-spin coupling in the closed state (Figure 2).–1342, August 8, 2012 ª2012 Elsevier Ltd All rights reserved 1333
Figure 2. Mobility Differences of Spin-Labeled Y82C in Reconsti-
tuted WT and E71A Channels
Effect of opening the lower gate on the mobility of spin-labeled outer vestibule
residue Y82C in (A) reconstituted WT and (B) non-inactivating mutant E71A
backgrounds for the closed (pH 7, red) and open (pH4, black) states of KcsA,
as determined by CW-EPR. See also Figure S1.
Figure 3. Cd2+ Metal Bridge Is Formed between Adjacent Subunits
Normalized currents of (A) TD-Y82C (diagonal cysteines) and (B) TT-Y82C-
KcsA (adjacent cysteines), reconstituted in asolectin liposomes, in the
absence (black) and presence (red) of 100 mM Cd2+. Macroscopic responses
of tandem constructs were elicited by pH jumps from 8.0 to 4.0 using a rapid
solution exchanger in the presence of 200 mM KCl and with a membrane
potential held at +150 mV, n > 5. A schematic representation of the position of
cysteines in the TD (tandem dimer) and TT (tandem tetramer) constructs of
Y82C-KcsA is shown. See also Movies S1 and S2.
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each other irrespective of whether the Y82C channel is in WT
or in E71A (non-inactivated) backgrounds. Although there is no
significant spectral change for Y82C-SL upon opening the acti-
vation gate (Figure 2A), the non-inactivating Y82C-SL/E71A
construct shows a spectrum with much reduced spin-spin
coupling and a profound increase in the mobility of Y82C resi-
dues (Figure 2B). Although the degree of spin coupling change
is likely to be an overestimation of the actual change in backbone
distances, we have taken this result as evidence for a highly
flexible outer vestibule in the conductive state. This enhanced
flexibility would lead to an increased average distance among
Y82C residues in non-inactivated channels, a likely explanation
for the inability of E71A channels to formCd2+metal bridges (Fig-
ure 1F). This result might be directly related to the structure of
‘‘flipped’’ E71A (Cordero-Morales et al., 2006b), which exem-
plifies the conformational differences of the Y82 side chain in
the outer vestibule in non-inactivating channels (see Figure S1
available online). However, this interpretation should be consid-
ered as a preliminary, due to the fact that these spectral changes
are only partially reversible.
Topology of Cd2+ Coordination States
Although Cd2+ stabilizes the inactivated state of a channel, the
exact mechanism by which the Cd2+ metal bridge is formed is
not well understood. It has been suggested that either a Cd2+
ion can occupy the center of the channel just above the pore
(coordinated by four cysteines of different subunits) or that
the accessibility of the cysteine residues could be different in
inactivated channels (Yellen et al., 1994). Genetically linked
tandem constructs have been successfully used to study the
cooperativity of gating and block in K+ channels (Heginbotham
and MacKinnon, 1992; Hurst et al., 1992; Ogielska et al., 1995;
Yang et al., 1997). Previous work from our laboratory has shown
wild-type-like stability and function for tandem dimer (TD) (Liu
et al., 2001) and tandem tetramer (TT) (Liu, 2004) KcsA channels.
These constructs provide us with the opportunity to place1334 Structure 20, 1332–1342, August 8, 2012 ª2012 Elsevier Ltd Alcysteines exclusively in the subunits of interest to dissect the
mechanism of Cd2+ coordination during inactivation gating.
Two types of constructs were made: TD-Y82C, in which the
KcsA tetramer has only two cysteines placed in two diagonally
symmetric subunits, and TT-Y82C, in which the cysteines are
located in adjacent subunits. A schematic representation of the
TD and TT constructs is shown in Figure 3. Cd2+ experiments
show that in TD-Y82C constructs (Figure 3A) the inactivation
time constant is similar in the presence and absence of satu-
rating concentrations of Cd2+ (ti = 1,100 ms). However, when
the cysteines are placed in adjacent subunits (TT-Y82C), the
presence of Cd2+ leads to faster inactivation (ti 250 ms) (Fig-
ure 3B). These results demonstrate that only cysteines placed
in adjacent subunits are geometrically adept at forming a Cd2+
metal bridge, thus ruling out the possibility of central coordina-
tion of Cd2+ as previously proposed (Yellen et al., 1994). Further,
it should be noted that while only two cysteines are available
to participate in metal bridge formation in these TT channels,
the inactivation rate is comparable to four-cysteine channels
(ti 120 ms; see Figure 1).
To evaluate the energetic stability of Cd2+ coordinated states,
we performed molecular dynamics simulations using the low K+
high-resolution structure (Protein Data Bank ID [PDB]: 1K4D)
(Zhou et al., 2001) as a template to the inactivated Y82C
channel in silico. The selectivity filter in low K+ KcsA structure
is collapsed with only two ions in the binding site and is struc-
turally close to the inactivated state (Cuello et al., 2010a). When
Cd2+ is placed between adjacent subunit cysteines, the Cd2+
cysteines (g-Sulfur) distances remain constant at 2.5 A˚ during
the simulation (Figure 4A, top panel). In contrast, an attempt tol rights reserved
Figure 4. Stability of Cd2+ Coordinated States
(A) Change in S-Cd2+ distance during brute force molecular dynamics simu-
lations (350 ps) in Y82C-KcsA for Cd2+ coordinated initially between adjacent
(top) and opposing (bottom) configurations. Snapshots of initial and final
configurations are shown in top view.
(B) Change in free energy for linearly pulling Cd2+ from a coordination state
between adjacent subunits to a coordination state between diagonal subunits.
Snapshots of configurations along the path are shown. Cadmium is repre-
sented by a gray sphere, and side chains of Y82C for the relevant two subunits
are shown as sticks. See Experimental Procedures, text, and Movies S1 and
S2 for details.
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a dramatic change in the Cd2+ cysteines distance. In this simu-
lation, Cd2+ binds to a cysteine of one subunit and the other
subunit moves apart in <20 ps of simulation (Figure 4A, bottom
panel). A snapshot of each coordination state is also shown for
comparison in Figure 4A. These results clearly demonstrate that
the metal bridge formation between adjacent subunits is the
most stable topology for Cd2+ coordination states, and the
formation of Cd2+ metal bridge is not stable between two diag-
onally symmetric subunits. Further, we calculated the freeStructure 20, 1332energy associated with the movement of Cd2+ from the initially
placed stable coordination between adjacent subunits until the
coordination between opposing subunits was achieved. Snap-
shots of Cd2+ bound states along the trajectory of movement
of Cd2+ from adjacent cysteines to opposing subunits are
shown in Figure 4B, which illustrates the high energetic penalty
(50 kcal/mol) involved in the movement of Cd2+ to form a metal
bridge between opposing subunits (Movies S1 and S2).
Crystal Structure of Cd2+-Bound Y82C-KcsA
In an attempt to visualize the Cd2+ coordinated state in Y82C-
KcsA, the Cd2+-bound form of the Y82C channel was crystallized
via cocrystallization or Cd2+ (100 mM) soaking experiments after
formation of crystals. The structure of the Cd2+-bound Y82C
channel in the closed state was determined at 2.4 A˚ resolution
using Fab fragments (Figure 5). Surprisingly, the structure
showed no explicit metal bridges, as Cd2+ appeared bound
only to individual cysteine residues. Interestingly, the Sg-Sg
distance between cysteine residues among diagonal and adja-
cent subunits in the Cd2+ bound Y82C structure was 16.5 A˚
and 11.7 A˚, respectively (Figure 5). Clearly, the cysteine residues
are very far when compared to the distance needed to form
a Cd2+ metal bridge (5 A˚) (Narula et al., 1995; Naylor et al.,
1998). This structure might therefore represent the low-affinity
Cd2+ bound conformation in the closed state and also suggests
that the inactivation is followed by Cd2+ binding. Since prior
opening of the channel is necessary for the subsequent transition
to the inactivated state (Yellen et al., 1994), it is possible that the
conformation of the outer vestibule may not allow Cd2+ metal
bridge formation, especially in the presence of Fab fragments,
because the antibody substantially reduces inactivation and
stabilizes the channel in its conductive conformation (Cordero-
Morales et al., 2006b). The presence of antibody is therefore
likely to limit the outer vestibule conformational flexibility, and
this might not allow the Cd2+ metal bridge to form. Attempts to
crystallize Cd2+ bound form in the nonconductive conformation
of the filter using low K+ conditions or the M96V background
(Lockless et al., 2007) were unsuccessful.
Subunits Come Closer Dynamically
during Inactivation Gating
Considering the Cd2+-induced change in the inactivation rate
and the structure of Cd2+-bound Y82C in the closed state, it is
conceivable that the outer vestibule must undergo a significant
conformational change during inactivation gating. Conforma-
tional changesmight include the change in dynamic accessibility
of cysteine residues (Yellen et al., 1994; Liu et al., 1996) or the
change in the geometry of outer vestibule due to change in prox-
imity of subunits. We have utilized the sensitivity of CW-EPR to
dipolar interactions tomonitor the distance between spin labeled
Y82C residues in the symmetric diagonal subunits (Liu et al.,
2001) under conditions that promote entry to the conductive
and nonconductive forms of the filter.
Since KcsA is a homotetramer, distancemeasurements based
on spin-spin interactions are complicated by the geometric rela-
tionship among subunits. A fully spin-labeled channel will show
dipolar interactions between adjacent and diagonally related
subunits. Although the coupling among the adjacent subunits
will be the predominant contributor to spectral broadening,–1342, August 8, 2012 ª2012 Elsevier Ltd All rights reserved 1335
Figure 5. Crystal Structure of the Cd2+-
Bound Y82C-KcsA at 2.4 A˚ Resolution
Shown are the 2Fo-Fc electron density map of the
side view for diagonally symmetric subunits (left;
sigma for protein [blue mesh] = 2.0, sigma for
potassium [magenta mesh] = 2.5, sigma for
cadmium [green mesh] = 3.2) and top view (right)
of the tetramer structure depicting the individually
bound Cd2+ (green spheres) to Y82C cysteines.
The polypeptide chain is shown as sticks. The
Sg-Sg distances between cysteines correspond-
ing to diagonal and adjacent subunits are shown
(black arrows). See Experimental Procedures and
text for details.
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Outer Vestibule Dynamics in K+ Channelsdiagonally related residues close to the four-fold axis of sym-
metry will also show substantial broadening effects. We there-
fore used TD-Y82C constructs, which generate a channel with
only two spin labels in diagonally opposing subunits, eliminating
the dipolar interactions from adjacent subunits (Liu et al., 2001).
The fully labeled and underlabeled EPR spectra of membrane
reconstituted TD-Y82C along with the distance distributions
in the closed and open activation gates are shown in Figure 6.
Assuming a single Gaussian distribution, the mean distance ob-
tained between spin labels in TD-Y82C when the lower gate was
closed was 12 A˚ (Figure 6A, top). To validate the experimentally
determined mean distance, we crystallized the spin label-bound
Y82C-KcsA using Fab at 2.5 A˚ (Figure 6B). The electron density
of the selectivity filter with spin label-bound Y82C is shown for
two diagonally symmetric subunits (Figure 6B, right) along with
the top view of the spin-labeled structure (Figure 6B, left). The
distance extracted from the crystal structure between the two
nitroxide spin labels in diagonal subunits is 12.7 A˚, which is in
excellent agreement with the EPR determined mean distance
between the spin labels in the TD-Y82C channels in the closed
state (12 A˚). Upon opening the activation gate, the distance
between the two spin labels in the TD-Y82C channels was found
to be 8 A˚ (Figure 6A, bottom), clearly a 2 A˚ inward movement for
each subunit. This finding is consistent with our Cd2+ binding
experiments and also with previous reports showing that
dynamic structural rearrangements occur in the outer vestibule
of voltage-gated potassium channels during inactivation gating
(Yellen et al., 1994; Liu et al., 1996).
To what extent does the Cd2+ coordination during inactivation
gating in KcsA relate to equivalent events in eukaryotic K+
channels? To answer this question, various tandem tetramer
Shaker-IR T449C constructs were expressed in Xenopus laevis
oocytes and examined using a two-electrode voltage clamp
under the same conditions as those for KcsA. Figure 7 shows
the whole-cell currents from T449C mutant of ShD in the
absence and presence of Cd2+ and its dependence on the posi-
tion of cysteines. When only one subunit has the T449Cmutation
(Figures 7A and 7E), Cd2+ does not show any effect on inactiva-1336 Structure 20, 1332–1342, August 8, 2012 ª2012 Elsevier Ltd All rights reservedtion, suggesting that although Cd2+ can
bind individual cysteine (see Figure 5),
the formation of Cd2+ metal bridge is an
absolute necessity to exert Cd2+-induced
inactivation. Cd2+ exerts a significant
increase in the rate and extent of inacti-vation when two cysteines are placed in adjacent subunits with
55% inhibition of K+ current. This is in good agreement with
the results of TT-Y82C-KcsA, where the cysteines are placed
only in adjacent subunits (Figure 3B). Interestingly, Cd2+ causes
a small effect on rate of inactivation (20% reduction in current)
in Shaker-IR T449C constructs where the cysteines are placed
only on diagonal subunits (Figure 7B), which is suggestive of
some formation of Cd2+ metal bridge between diagonal
subunits. However, this was not observed in KcsA (Figure 3A).
This small discrepancy between KcsA and ShD with respect to
the Cd2+ coordination between opposing subunits could be
due to different organization or the intrinsic dynamics of the outer
vestibule in ShD channels. Nevertheless, we propose that the
probability of forming the metal bridge between adjacent
subunits is highly favorable in K+ channels and likely drives
most of current reduction and stabilization of C-type inactivated
state seen previously (Yellen et al., 1994).
DISCUSSION
Many compounds alter the function of ion channels by modu-
lating their gating behavior, and metal ions such as Cd2+ and
Zn2+ in particular have been widely used to determine the struc-
tural organization of the outer mouth and pore geometry in a
variety of channels during gating (Yellen et al., 1994; Elinder
and Arhem, 2003; Sobolevsky et al., 2004; Szendroedi et al.,
2007). It has been shown that in Shaker T449C, Cd2+ increases
the inactivation rate by 10 fold, and the metal ion has
45,000 fold higher affinity for the inactivated channels upon
transition from the open state (Yellen et al., 1994). Here, we
show that in Y82C-KcsA, Cd2+ facilitates the inactivation in a
concentration-dependent manner (see Figure 1E), which points
to a mechanistic equivalence between KcsA inactivation and
C-type inactivation in voltage-gated K+ channels (Lo´pez-Barneo
et al., 1993; Yellen et al., 1994; Gao et al., 2005; Cordero-Morales
et al., 2006a, 2006b, 2007, 2011; Cuello et al., 2010b). Interest-
ingly, in the non-inactivating form of KcsA (Y82C in the E71A
background), Cd2+ exerts no effect on the ionic currents
Figure 6. Subunits Come Closer Dynami-
cally during Inactivation Gating
(A) CW-EPR distance determination between spin
labels bound to diagonally placed Y82C in TD
KcsA in the closed (pH 7, top) and open (pH 4,
bottom) forms of KcsA. Distance measurements
were made in proteoliposomes at 130 K in the
presence of liquid N2 using <50 mW incident power
to avoid saturation of the signal. The fully labeled
and underlabeled EPR spectra are shown on the
left, and the probability of distance distributions
with the mean distance is shown on the right. An
illustration depicting the closed and open tandem
dimer channels as well as the position of spin-
labeled Y82C in the outer vestibule is shown.
(B) The crystal structure of spin label-bound Y82C-
KcsA tetramer at 2.5 A˚ is shown (left, top view)
along with the 2Fo-Fc electron density map of the
side view for diagonally symmetric subunits (right;
sigma for protein [blue mesh] = 2.0, sigma for
potassium [magenta mesh] = 2.5) depicting the
spin label-boundY82C cysteines. The polypeptide
chain is shown as sticks. The distance between
the N-O groups of the spin label (12.7 A˚) from two
diagonally symmetric subunits is shown (black
arrow). See Experimental Procedures and text
for details.
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Outer Vestibule Dynamics in K+ Channels(Figure 1E), suggesting that the constriction of the outer vestibule
is less explicit in the open, non-inactivating state of KcsA. This
also highlights the conformational differences in the outer vesti-
bule between the conductive and C-type inactivated forms of
KcsA, as supported by EPR measurements (Figure 2).
We have used tandem constructs, EPR spectroscopy, X-ray
crystallography, and computational analysis to investigate the
molecular mechanisms underlying the role of the K+ channel
external vestibule in C-type inactivation while addressing
the Cd2+ inhibition paradox. To elucidate the mechanism of
Cd2+ coordination during inactivation gating, we measured K+
currents in inside-out patch in proteoliposomes containing
tandem dimer and tandem tetramer constructs in which the
Y82C mutation is placed in either diagonal or adjacent subunits,
respectively. The results showed that outer-vestibule conforma-
tional changes associated with C-type inactivation favors the
formation of Cd2+ metal bridges between adjacent subunits
with minimal contribution of diagonally located subunits (Fig-Structure 20, 1332–1342, August 8, 2012 ªure 3). This is consistent with our results
obtained in ShD constructs expressed in
oocytes (Figure 7) and with a previous
report that suggests that residue Thr449
does not move toward the center of the
conduction pathway during inactivation
(Andalib et al., 2004). A similar Cd2+ coor-
dination configuration between adjacent
subunits has been proposed for the
outer pore of the glutamate receptor
channel (Sobolevsky et al., 2004). Molec-
ular dynamic simulation results, using
the low K+ structure as a model for the
inactivated selectivity filter, support ourobservations and suggest that while Cd2+ coordination between
the adjacent subunits is very stable, the formation of a Cd2+
metal bridge between diagonal subunits is energetically unfavor-
able (by as much as 50 kcal/mol; see Figure 4). Overall, these
results favor a model in which two Cd2+ ions coordinated by
the cysteines of adjacent subunits, and argue against a single
Cd2+ being coordinated by four cysteines (Yellen et al., 1994)
on the basis of simple geometric constraints.
High-resolution structures of the Cd2+ coordination com-
plexes in proteins suggest that the expected distance between
Cd2+ and the Sg of cysteines is2.5 A˚ (Narula et al., 1995; Naylor
et al., 1998), placing an optimumdistance for coordinating cyste-
ines in a Cd2+ metal bridge near 5 A˚. Interestingly, the crystal
structure of Cd2+-bound to Y82C-KcsA in the closed state shows
that under the present crystallization conditions Cd2+ binds to
individual cysteines in the closed state, with no evidence for
inter-subunit metal bridges (Figure 5). This shows that the
cysteine side chains in the Y82C position are easily accessible2012 Elsevier Ltd All rights reserved 1337
Figure 7. Cd2+ Metal Bridge Formation
between Adjacent Subunits Is Highly Favor-
able in Shaker K+ Channels
(A–D) Two-electrode voltage clamp measure-
ments for various ShD T449C constructs ex-
pressed in oocytes corresponding to channels in
which cysteines are present in (A) only one subunit
(TTCT), (B) diagonal subunits (TC), (C) adjacent
subunits (TTCC), and (D) all subunits (T449C
monomer). The traces represent the current
recordings during 8 s depolarizations to +40 mV in
the absence (red) and presence (blue) of 100 mM
Cd2+ and subsequent wash (green). The inset
shows an illustrated representation of channels
highlighting the subunit containing T449C muta-
tions (blue). The holding potential was 90 mV,
and the time interval between pulses was 30 s
(n > 5). The asterisk (*) represents the point where
the amplitude of current is measured for each
pulse in all cases.
(E) The effect of Cd2+ on inactivation kinetics in
ShD T449C constructs for TTCT (black squares),
TC (blue squares), TTCC (magenta squares), and
T449C monomer (red squares). See Experimental
Procedures for details.
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Outer Vestibule Dynamics in K+ Channelsto reactive agents (see also Figure 2 for accessible to relatively
bulky nitroxide spin label), and rules out an earlier report (Liu
et al., 1996), suggesting that the side chains of the T449Cmutant
in the Shaker K+ channel might be hidden from the aqueous pore
in the closed state.We did not observe a Cd2+metal bridge in the
closed state under a variety of conditions (low K+, M96V back-
ground), suggesting that the pore geometry in the closed state
could be different compared to the open, inactivated conforma-
tion. In this structure, the distance between the cysteines Sg in
diagonal and adjacent subunits is 16.5 A˚ and 11.7 A˚, respec-
tively, far from the distance needed to form a Cd2+ bridge; this
finding implies that there has to be a significant change in the
outer vestibule of KcsA during inactivation gating to bring
the cysteines of adjacent subunits to 5 A˚. In other words, the
subunits must come close together during the transition from
closed conductive to open inactivated conformation through1338 Structure 20, 1332–1342, August 8, 2012 ª2012 Elsevier Ltd All rights reservedthe open conductive state. Indeed, dis-
tance measurements using spin-labeled
tandem dimer Y82C-KcsA constructs
clearly demonstrate that the subunits
come close together during inactivation
gating (see Figure 6A), which would favor
the formation of a metal bridge between
adjacent subunits. Though the subunits
come close together during inactivation
gating, the distance of 8 A˚ between
diagonal subunits in the open, inactivated
state (Figure 6A, bottom) is still too long to
favor Cd2+ coordination. Taken together,
these results suggest the higher affinity
of Cd2+ binding in the outer mouth of K+
channels in the inactivated state between
adjacent subunits is predominantly due
to the change in pore geometry causedby the change in dynamics and proximity of subunits rather
than change in accessibility of side chains (Liu et al., 1996).
It is surprising to note that though our results clearly show that
the subunits come closer during inactivation gating, the crystal
structures of open/C-type inactivated KcsA do not show any
significant conformational changes in the outer vestibule (Cuello
et al., 2010a). One possible explanation could be that there
are two independent conformational ‘‘triggers’’ of the filter
inactivation gate: one at the outer vestibule and the other at
the cytoplasmic activation gate. However, we believe that the
conformational changes with the outer vestibule are associated
with the activation gate opening, because we have previously
shown that the presence of antibody substantially reduces inac-
tivation and stabilizes the channel in its conductive conformation
in a reconstituted WT-Fab complex (Cordero-Morales et al.,
2006a). In the presence of antibody, the outer vestibule might
Figure 8. Mechanism of Stabilization of Inactivated State by Cd2+
Addition of Cd2+ binds to individual cysteines at the outer vestibule in the
closed state. When the channel is opened, Cd2+ rearranges to form favorable
metal bridges with cysteines of adjacent subunits due to structural re-
arrangements of the outer vestibule. This possibly stabilizes the C-type in-
activated state and results in a decrease in the K+ current amplitude and
increase in the rate of inactivation in K+ channels. Our model suggests that
formation of the Cd2+ metal bridge is absolutely essential to affect the rate of
C-type inactivation, and the formation of metal bridge is favored only in the
inactivated state. See Discussion for details.
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absence of significant changes in the outer vestibule of X-ray
structures of open/C-type inactivated KcsA. The same is the
case with the crystal structure of the KcsA-Fab complex at low
K+ concentration (Zhou et al., 2001). Further, in case of spin-
labeled Y82C channel in wild-type, the observation that there
is no significant spectral change upon opening the lower gate
cannot be taken as an evidence for two independent conforma-
tional triggers for the filter inactivation. The spin-labeled Y82C
channel in wild-type has a broad spectrum with a significant
spin-spin coupling in both closed and open states (Figure 2A).
We know from distance measurements that the average
distance between spin labels is 10 A˚ (diagonal = 12 A˚ as
determined by distance measurements and observed in the
Y82C-SL crystal structure; adjacent = 8.5 A˚ estimated from
symmetry constraints). Since the EPR spectrum is already
severely broadened in the closed state due to the close proximity
of spin labels as well as restricted mobility, the spectrum is
insensitive to further closeness of the spin labels in the open
state at room temperature.
Based on our results, we propose the following mechanistic
interpretation of the events associated with the conformational
changes in the outer vestibule of K+ channels during C-type
inactivation and how this leads to higher-affinity Cd2+ binding
(Figure 8). Cd2+ can bind to K+ channels in the closed state (Fig-
ure 5), however, the formation of metal bridge is not possible
due to geometric constraints of the outer vestibule and the range
of the dynamic fluctuations at the filter. Cd2+ therefore binds to
individual cysteines (as in the crystal structure), which might
represent the low-affinity binding state of Cd2+. Upon opening
the activation gate, the resulting conformational changes in the
selectivity filter are driven by the network of interactions between
the pore helix and the outer vestibule (Cuello et al., 2010a).
During the transition from open, conductive to open inactivated
state, the residues in the outer vestibule dynamically come close
together (Figure 6) and Cd2+, which was initially bound to indi-
vidual subunits, rearranges to form a stable, high affinity metal
bridges with the adjacent subunits (see Figures 3 and 7), thus
stabilizing the inactivated state (Yellen et al., 1994). This modelStructure 20, 1332also supports the notion that a Cd2+ metal bridge can be formed
only in the inactivated state of K+ channels due to geometric
constraints (see Figures 1E and 1F). In addition to the confor-
mational transitions between the conductive and C-type inacti-
vated forms of the selectivity filter, the presence of Cd2+ metal
bridges between adjacent subunits just above the selectivity
filter would enhance the rate of inactivation. Being a soft metal
ion, Cd2+ coordination with the –SH group of cysteine is not
ionic; rather, it is pseudocovalent in nature (Elinder and Arhem,
2003). We therefore suggest that the two Cd2+ metal bridges
formed at the outer vestibule of KcsA might prevent side chain
movement, and the presence of partial positive charges in
Cd-Sg complexes might affect the electrostatic potential at the
outer mouth of the channel that would interfere with K+ ion
permeation by electrostatic repulsion, thereby increasing the
rate of inactivation.
EXPERIMENTAL PROCEDURES
Cloning, Mutagenesis, and Biochemistry
We used pQE32 vector encoding Y82C-KcsA and E71A/Y82C-KcsA genes for
protein expression as described (Cortes and Perozo, 1997). TD-Y82C-KcsA
was constructed by cloning the Y82C-containing KcsA in B protomer of TD
construct, and TT-Y82C-KcsA was made by cloning the Y82C-containing
KcsA in the C and D protomers of the TT construct. The tandem constructs
were expressed and purified as described previously (Liu et al., 2001; Liu,
2004). E71A mutation was carried out in Y82C background using Quick-
Change (Stratagene) site-directed mutagenesis. For EPR measurements,
purified mutants were spin-labeled with methanethiosulfonate spin label
(MTSSL, Toronto Research) and reconstituted in asolectin (Avanti Polar Lipids)
vesicles as described previously (Liu et al., 2001). For distancemeasurements,
we made fully labeled and underlabeled samples, and spin labeling was done
at a 1:10 (label/monomer) molar ratio to prepare the underlabeled samples.
The wild-type Shaker-IR (ShD) tandem tetramer construct and the separate
protomers (A, B, C, D) were kindly provided by Dr. Yangyang Yan. We made
the TTCD-T449C construct by cloning T449C-containing ShD in C and D pro-
tomers using the appropriate restriction enzymes as described previously
(Yang et al., 1997). TD Sh-IR was made from the TT-ShD construct as follows:
we digested TT ShD with ZraI (specific for the linker between the A and B pro-
tomers) and EcoRV (specific for the linker between the C and D protomers) to
remove the B and C protomers and then used iProof DNA polymerase to
extend the sticky end produced by EcoRV, followed by ligation to create
a TD construct containing only the A and D protomers, of which only the D pro-
tomer has T449C mutation.
Liposome Patch-Clamp
Electrophysiological measurements of proteoliposomes were done using the
patch-clamp as described previously (Cordero-Morales et al., 2007). Macro-
scopic currents were measured at a 1:100 (w/w) ratio under symmetrical
conditions in 5 mM MOPS, 200 mM KCl (pH 4.0) buffer after a pH jump
using a RCS-160 fast-solution exchanger (Biologic). Pipette resistances
were 2 MU. Cd2+ was used in the pipette solution at various concentrations.
Two-Electrode Voltage Clamp
Weprepared cRNAs fromShD T449C and TD- and TT-T449C constructs using
mMESSAGE mMACHINE T7 kit (Ambion) after linearization of plasmid cDNAs
with Not I, and injected in Xenopus laevis oocytes (5 ng) cultured in ND96
medium supplemented with 50 mg ml1 gentamycin and 1% (v/v) penicillin-
streptomycin at 16C. We measured whole-cell currents 24 hr after injection
using a Geneclamp 500 amplifier (Axon instruments). The holding potential
used was 90 mV and the currents in the absence and presence of 100 mM
Cd2+ at +40 mV were measured for 8 s with a 30 s interval between pulses.
Data were sampled at 5 kHz and recorded using Clampex software (Axon
instruments). The bath solution was 10 mM HEPES containing 96 mM NaCl,
4 mM KCl, 1 mM MgCl2, and 0.3 mM CaCl2 (pH 7.6).–1342, August 8, 2012 ª2012 Elsevier Ltd All rights reserved 1339
Table 1. Crystallographic Data Collection and Refinement
Statistics
Y82C-Cd2+ Y82C-SL
Data collection
Space group I4 I4
Cell dimensions
a = b, c (A˚) 155.9, 76.1 155.7, 76.1
a = b = g () 90 90
Resolution (A˚) 40-2.4 40-2.5
Rsym or Rmerge (%) 8.1 (28.5) 8.2 (47.4)
I/sI 13.3 (1.7) 13.8 (3.2)
Completeness (%) 93.5 92.9
Redundancy 2.9 (1.9) 5.2 (4.3)
Refinement
Resolution (A˚) 40-2.4 40-2.5
No. of reflections 33,542 29 442
Rwork/Rfree (%) 22.7/26.5 24.6/28.5
No. of atoms
Protein 4 065 4 062
Ligand/ion 7 5
Water 3 4
B-factors
Protein 44.7 46.4
Ligand/ion 41.4 29.5
Water 37.8 42.21
Root-mean-square deviations
Bond lengths (A˚) 0.007 0.007
Bond angles () 1.34 1.41
Structure
Outer Vestibule Dynamics in K+ ChannelsEPR Spectroscopy and Distance Calculations
CW-EPR spectra at room temperature were obtained for spin-labeled, recon-
stituted channels for closed (pH 7) and open (pH 4) channels as described
earlier (Cordero-Morales et al., 2006b, 2007), using a Bruker EMX spectrom-
eter equipped with a loop-gap resonator under the following conditions:
2 mW incident power, 100 kHz modulation frequency, and 1 G modulation
amplitude. pH changes were made by resuspending the KcsA-containing
liposomes in Tris, KCl buffer (pH 7), and citrate phosphate buffer (pH 4).
Distance measurements in closed and open states were made in proteolipo-
somes at 130 K in presence of liq. N2 using <50 mW incident power to avoid
the saturation of the signal. Fully labeled and under-labeled spectra were
measured under identical conditions, and distances were estimated using
a dipolarly broadened CW spectra analysis program CWdipol (Sen et al.,
2007).
X-Ray Crystallography
We crystallized Y82C-KcsA in Cd2+-bound and spin label bound forms in
the presence of a Fab fragment using the conditions as described (Zhou
et al., 2001). The concentration of Cd2+ used was 100 mM. Beam-like crystals
of KcsA-Fab complex appeared within few days in a sitting-drop containing
23%–26% (v/v) PEG 400, 50 mM magnesium acetate and 50 mM sodium
acetate (pH 4.8-5.4) at 20C. Crystals diffracted to a Bragg spacing of
2.4 A˚ and 2.5 A˚ for Cd2+-bound and spin label-bound Y82C-KcsA, respec-
tively. Data were collected at the GM/CA-24-ID beamline at the Advanced
Photon Source and processed with HKL2000. The structures were solved
by molecular replacement using the WT-KcsA-Fab complex structure (PDB:
1K4C) as a search model. All the structures were solved using Fab and
KcsA without the selectivity filter as the initial model for molecular replace-
ment. Refinement of the structures was carried out through multiple cycles1340 Structure 20, 1332–1342, August 8, 2012 ª2012 Elsevier Ltd Alof manual rebuilding using O (Jones et al., 1991) and refinement using
crystallography and NMR system (Bru¨nger et al., 1998). Data collection and
refinement statistics are given in Table 1.
Molecular Dynamics
The simulation system was represented by an atomic model of KcsA channel
(PDB: 1K4D, low K+ structure; Zhou et al., 2001) with Tyr82 in each of the four
subunits mutated to a deprotonated cysteine in silico. The channel was
embedded in dipalmitoylphosphatidylcholine (DPPC) lipids and surrounded
by an aqueous solution of 150 mM KCl. The model contained the KcsA
tetramer (404 amino acids), 112 DPPC molecules, 6,778 water molecules,
2K+ ions in the pore at positions S1 and S4, and a Cd2+ ion. To ensure electrical
neutrality and tomimic a 150mMKCl concentration, 6 K+ and 18 Cl ions were
added to the bulk solution. The system was set up using CHARMM program
(Brooks et al., 2009) as described earlier (Berne`che and Roux, 2000). Constant
pressure molecular dynamics simulation was done using the NAMD program
(Phillips et al., 2005).
The brute force simulations in Figure 4A were run for 350 ps. The initial
conformation was prepared by adding a harmonic restraining potential that
enforced the distance between the cadmium and the sulfur atoms of the diag-
onal Cys82 residues to be 2.5 A˚. For adjacent coordination, a similar procedure
was used to prepare the initial conformation, except that the harmonic
restraints were applied between cadmium and adjacent Cys82 residues.
These restraints were turned off during brute force simulations. The free energy
difference between the adjacent and diagonally opposing states (Figure 4B)
was calculated by measuring the mean force at several points along an inter-
vening conformational change pathway. Starting from a conformation where
distances between the cadmium ion and two adjacent Y82C sulfur atoms
were 2.5 A˚ and the distance between the cadmium and one of the diagonal
Y82C sulfur atoms was 15.5 A˚, the ion was linearly pulled to a final conforma-
tion where it was 2.5 A˚ away from two diagonally opposing Y82C sulfur atoms
and 9.5 A˚ away from the adjacent Y82C sulfur atom to which it was originally
coordinated. The pathway proceeded in 0.5 A˚ increments using 15 images
with a sampling time of 50 ps per image. The total free energy difference
was then determined by integrating the mean force along the path as
described previously (Maragliano et al., 2006; Pan et al., 2008). Although the
pathway itself may not be physically relevant, the relative free energy between
the two states is path-independent.
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The atomic coordinates of the Cd2+-bound and spin label-bound Y82C-KcsA
have been deposited in the Protein Data Bank under accession codes 3STL
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